In this paper, fermions are minimally coupled to 3D-gravity where a dynamical torsion is introduced. A Kalb-Ramond field is nonminimally coupled to these fermions in a gauge-invariant way. We show that a 1-loop mass generation mechanism takes place for both the 2-form gauge field and the torsion. As for the fermions, no mass is dynamically generated: at 1-loop, there is only a mass shift proportional to the Yukawa coupling whenever the fermions have a nonvanishing tree-level mass.
Introduction
The mechanism of dynamical (gauge-invariant) mass generation in 2D and 3D gauge theories has received a great deal of attention over the last two decades [1, 2, 3, 4] . In particular, three-dimensional Maxwell theory coupled to massive fermions yields a 1-loop corrected photon propagator with a nontrivial pole [5, 6, 7, 8] .
In this regard, we shall investigate in our paper a model where fermionic matter is minimally coupled to 3D-gravity in the presence of torsion. Considering the situation of a flat background with propagating torsion, we shall discuss the issue of mass generation for both the fermion and the torsion itself. The interaction between the scalar component of the torsion (this is a feature of 3D space-time) and the fermion provides a 1-loop mass correction for the latter. On the other hand, the fluctuation of the torsion scalar may acquire a 1-loop mass proportional to the fermion mass parameter. This is treated in Section 2.
Proceeding further, in Section 3, we discuss the interaction between a 3D Kalb-Ramond-type (K-R) field and fermions with non-minimal coupling. The former has no on-shell degrees of freedom, as a peculiarity of three spacetime dimensions. However, the fermions, that couple to both the torsion and the 2-form gauge potential, induce a 1-loop self-energy mixing among these fields, so that the K-R field becomes dynamical and acquires a non-trivial mass. We check that unitarity is ensured at 1-loop and the longitudinal degree of freedom excited at the K-R field does not correspond to a ghost.
Our Concluding Remarks are presented in Section 4.
Matter Coupling
We start by setting up a few relations and properties of Riemann-Cartan space-time that we shall make use of throughout this work. The affine con-nection is non-symmetric in the first two indices. Its non-symmetric part, 2Γ
, is the torsion tensor [9, 10] . In this space-time, Γ λ µν can be split as below:
where λ µν is the Christoffel symbol, completely determined by the metric and its derivatives, and
is the contortion tensor, which is antisymmetric in the last two indices.
This implies that, in such a framework, n-dimensional gravity is described by two independent objects, namely, the metric and the torsion tensors.
In 3D, the 9 degrees of freedom of the torsion can be covariantly decomposed into its SO(1,2)-irreducible components: a trace part, t µ ≡ T ν µν , a totally antisymmetric part, ϕ ≡ ε µνλ T µνλ , and a traceless rank-2 symmetric tensor, X µν . The splitting in the above components is accomplished by the following relation:
3)
The peculiarity of 3D, as compared to 4D-gravity, is the appearance of a scalar component for the torsion.
In this work, we shall be concerned with the minimal coupling between fermions and torsion. As we shall soon understand, only the ϕ-component indeed minimally couples to fermions. On the other hand , it is worthwhile to mention that the spin-2 component, X µν , plays a peculiar rôle when ChernSimons gravity is considered: it influences the spin-2 sector of the graviton propagator and it is responsible for the appearance of a massive ghost-like mode in the spectrum [11] .
At first sight, the easier way to obtain interactions between torsion and relativistic fields is through a covariant derivative under the minimal coupling prescription. As we have seen, the affine connection contains a torsiondependent piece, and therefore in each covariant derivative of the field under consideration there is an interaction with torsion. However, we must be careful since this procedure, in the case of some fields, may spoil the gauge invariance of the theory. In fact, an Abelian gauge field, A µ , cannot interact minimally with torsion while keeping the gauge invariance requirement (the same occurs with the K-R gauge field, B µν , which will be object of study in Section 3). For a scalar theory, the covariant derivative is the usual one, and hence it does not minimally couple to torsion either. On the other hand, the requirement that the Dirac equation in a gravitational field preserve local Lorentz invariance yields a direct interaction between torsion and fermions. In Riemann-Cartan space-time, the Dirac action for a massive fermion has the form
where the covariant derivatives of the spinor fields are given by
here, latin indices refer to frame components. B 
which is the gauge field of the local Lorentz group. ω ab µ is the Riemannian part of the spin-connection:
where Ω cba = e µ c e ν b (∂ µ e νa − ∂ ν e µa ) stands for the rotation coeficients (see Ref. [12] for details); e a µ stands for the dreibeins. We are using the following representation for the Dirac matrices in locally flat 3D space-time:
where σ i are the Pauli matrices. They satisfy the following relations:
and
Since we are here mainly interested in the interaction between torsion and fermions, we set g µν = η µν . This amounts to saying that we wish to study torsion effects on a flat background or, rephrasing, the metric fluctuations are taken to be very weak as compared to the torsion excitations. After some algebra, the Dirac Lagrangian in the presence of torsion is given by
where L 0 is the free-field Dirac Lagrangian,
and L I is the interaction term,
where
is the totally antisymmetric product of three Dirac matrices. Using the identity ε µνλ γ [µ γ ν γ λ] = −i3!1, the interaction term can be shown to simplify to:
We thus see that only the ϕ-component survives coupling to fermions, as long as the minimal coupling prescription is picked out. Thus, the interaction of torsion and fermions is seen to be a Yukawa coupling. From (2.12-2.15), one sees that ϕ appears without dynamics, and consequently torsion does not propagate. But now, we wish to go beyond the minimal coupling term by discussing some implications of the hypothesis that torsion is a propagating field. In our considerations, we shall be dealing only with the scalar component of torsion (ϕ), since this is the only mode of T λ µν that couples to fermions. In this case, the next step is to obtain a Lagrangian that contains a kinetic term for this field. Several classes of torsion Lagrangians can be obtained via the minimal substitution procedure, namely, by replacing the Christoffel symbol by the Cartan affine connection. Nevertheless, following this procedure, we obtain only one algebraic term for the ϕ-field coming from the Einstein-Hilbert Lagrangian, R ∼ ϕ 2 . This shows that torsion, as well as the graviton, does not propagate in the standard Einstein gravity in three-dimensional space-time. In view of that, higher curvature terms must be introduced in order to provide kinetic terms for torsion. In fact, this is obtained from the higher-curvature terms
Therefore, we first consider the following action
where S D is given by (2.4) and S R is
Finally, we can write that, in a flat background, the Lagrangian for fermions and torsion reads as follows:
where we have redefined the field ϕ → φ = √ bϕ, so that µ 2 = a b
. Notice that we must require that b > 0 and a > 0 to ensure that µ 2 be positive and that α be real. Moreover, the canonical dimensions of the fields and parameters are given below:
The term in the curvature squares in the action (2.17) do not give rise to a quartic scalar self-interaction.
A remark is in order: we start off with non-vanishing mass parameters, µ 2 and m. However, after carrying out the 1-loop calculations, we can set µ = 0 and analyse how the masses are corrected. We should stress that setting m = 0 after all the 1-loop corrections are computed is not a sensible procedure, since we would be passing from a parity-broken to a parity-restoring model. So, the limit procedure m → 0 is not smooth after perturbative calculations. Indeed, setting m = 0 at the end of the loop calculations might erroneously point out fermion mass generation [8] . Now, we can extract the Feynman rules for the theory. The propagators for the scalar and spinor fields that stem from the free action are as follows:
Furthermore, the fermion-torsion vertex is given by
Since α carries dimension 1 2 , one can see that this vertex is super-renormalisable. In fact, a power-counting analysis shows that the superficial degree of divergence of primitively divergent graphs, δ, decreases as the number of vertices increases:
where V n is the number of vertices, while E φ and E ψ are the external lines associated φ and ψ, respectively. From these results, we turn into the calculation of the self-energy corrections for the bare propagators and discuss the mechanism of mass generation for massless fields, by looking at the poles of the 1-loop corrected propagators. For the fermion self-energy graph, we find:
As we are interested in reading off a mass generation, we are allowed to set the external momentum to zero. In so doing, we find
The insertion of this 1-loop graph leads to the following 1-loop corrected propagator:
The above result shows that, if we had started with massless torsion 1 and fermion, the fermion self-energy correction (2.25) would still be different from zero and given exclusively in terms of the Yukawa coupling, α. However, this result should not be interpreted as a dynamical mass generation for the fermion, since, as already mentioned, the limit m → 0, after perturbative calculations have been done, is not consistent [8] . From this, one obtains a modified propagator, (2.26), which has a massive pole at p 2 = m 2 − α 2 4π 2 . Also, the torsion self-energy is calculated, and we get
Similarly, the modified torsion propagator is obtained by summing up the series
Here, we have another mass correction, at this time for the pole of the torsion propagator. From this result, we conclude that, whenever the torsion field mediates the interaction between massive fermions, it exhibits a short range behaviour. In other words, if we consider, from the beginning, a massless torsion theory by setting a = 0, its 1-loop corrected propagator exhibits a pole at p 2 = mα 2 π
. We should stress that dynamical mass generation for torsion requires its coupling to massive fermions.
We conclude this section by noting that, for massless fermions (m = 0), the Lagrangean (2.18) has parity (P) symmetry, since φ (pseudo-scalar) and ψψ are not invariant under this symmetry operation in 3D, namely
On the other hand, having in mind that a φ 4 -term could have been introduced via R µν R µν or R 2 , and setting the parameters such that the φ-field acquires a non-vanishing vacuum expectation value (v.e.v), fermions could become massive upon the spontaneous symmetry breaking of P by means of such a v.e.v.. So far, we have been dealing with a theory involving torsion and a spinor field. Next, we wish to include the K-R field and to study a possible way to endow it with a mass and a dynamical character by means of the fermionmediated interaction that couples it to torsion.
Mass Generation for the K-R Field
Following the same procedure as in the previous section, we shall now examine the behaviour of the antisymmetric K-R field, B µν , in 3D and the mechanism of mass generation for such a field whenever fermions are considered. The motivation to study 2-form gauge fields in 3D may be supported by the interest of studying supersymmetric self-dual vortices with anomalous magnetic moment coupling, as recently discussed in the work of Ref. [13] .
We start from the well-known free action for this field:
where G µνλ is the field-strength, written in terms of B µν as
The action is invariant under the local gauge transformation
where ζ µ is an arbitrary vector. So, in order to obtain the free propagator of the theory, one must to fix this gauge invariance; we choose the following gauge-fixing term
νλ is the dual of B µν . The tilde on ∇ means that we are considering only the Riemannian part of the connection in the covariant derivative.
It is worthy to remind that, in 4D, B µν has one on-shell degree of freedom and its main application is in connection with the gauge invariant mechanism of mass generation for the electromagnetic field A µ through the topological coupling term ε µνκλ F µν B κλ . However, in 3D, the free B µν -field does not have on-shell degrees of freedom; therefore, it appears only in the internal lines of Feynman diagrams.
Then, following our study of dynamical mass generation in 3D theories, we propose the following interaction term between fermions and B µν , without spoiling gauge invariance:
in an attempt to obtain a (dynamical) on-shell degree of freedom for B µν .
Here ξ carries dimension − 1 2 , and hence the renormalizability of the theory is certainly lost. So, one can consider this only as a low-energy effective theory. In this sense, we begin with a Lagrangian in the flat space-time background, which is the sum of (2.18), (3.29), (3.32) and (3.33), namely
where the bilinear sector of the Lagrangian leads, besides the propagators (2.20) and (2.21) for torsion and fermion fields, to the following B µ -propagator
35)
θ µν and ω µν being the transverse and longitudinal projectors in the space of vectors, respectively. Notice that the K-R field appears in (3.34) through its dual (B µ ). Now, we can verify the absence of on-shell degrees of freedom for the massless vector field (the K-R field), by saturating its propagator with external currents j µ , which satisfies the following conservation law:
In 3D, a general current may be expanded with respect to a particular basis
, and ε µ = (0, − → ε ) . However, (3.36) implies that b = c = 0. Therefore, taking the imaginary part of the residue (at the pole p 2 = 0) of the transition amplitude,
we obtain
ImRes (A) = lim
From this result, we find that the massless pole does not propagate.
Returning to the Feynman rules, the torsion-fermion vertex is given by (2.22), whereas the B µ − ψ vertex is as follows:
Once the Feynman rules for the theory have been derived, we turn out to calculate the self-energy correction for the complete propagator.
Besides the usual self-energy corrections to the torsion and B µ -propagators, there is an additional mixed self-energy graph which contains one φ-field and one B µ -field as external lines. This 1-loop graph induces an indirect B µ − φ coupling which contributes to the mechanism of mass generation.
Then, using the above Feynman rules, one arrives at the following results for self-energy graphs of the fields:
where iΠ µν and iΠ µ are the B µ − B ν and the mixed B µ − φ 1-loop self-energy diagrams respectively (the self-energy for the torsion field is the same as in (2.27)). Hence, the total self-energy for the B µ − φ system is more suitably set in a matrix form:
Analogously, the inverse propagator for this system is set in a diagonal matrix form
which ensures propagation of a physical degree of freedom. Therefore, the indirect coupling between torsion and the K-R field in 3D results in the appearence of a massive propagating pole at the physical longitudinal sector of B µ . Alternatively, one could also obtain a massive pole in the B µ -propagator through the direct mixing term ε µνλ ∂ µ B νλ φ, which couples the K-R field to the totally antisymmetric part of torsion field.
Concluding Remarks
The central idea of the present paper is to illustrate how torsion may play a rôle in dynamically generating mass for 3D theories coupled to gravity. Fermions minimally coupled to torsion pick out only the scalar component of the latter, and their interaction provides the fermions with a 1-loop nonvanishing mass correction that does not depend on the fermion tree-level mass, but only on the coupling constant. Our viewpoint is that no mass is dynamically generated for the fermions. On the other hand, torsion itself may acquire a non-vanishing mass by means of 1-loop radiative correction.
As long as a K-R field is coupled to 3D-gravity via fermions, the interesting result we get concerns the 1-loop generation of dynamics for the longitudinal component of such a field: a massive and physical pole is induced as a byproduct of the coupling between torsion and the fermionic matter that also couples to the 2-form gauge potential.
As a general conclusion from our analisys we state that torsion sets the stage for dynamical mass generation for bosonic fields in 3D.
